Repeated administration of methamphetamine (METH) to animals can result in long-lasting decreases in striatal dopamine (DA) content. In addition, the evoked overflow of striatal DA is reduced in rats 1 week after neurotoxic doses of METH. However, whether these functional changes in DA release are permanent or tend to recover over time has not been established. In the present study we used in vivo electrochemistry and microdialysis to examine evoked overflow of DA in the striatum of METH-treated rats at several time points after treatment to determine if DA overflow would spontaneously recover. Male Fischer-344 rats were administered METH (5 mg/kg, s.c.) or saline four times in one day at 2 hr intervals. In vivo electrochemistry experiments in anesthetized rats, and in vivo microdialysis studies in awake rats, were carried out 1 week, 1 month, 6 months, and 12 months after treatment. At 1 week after treatment there were significant decreases in potassiumand amphetamine-evoked overflow of DA, and in clearance of DA, in the striatum of the METH-treated animals. Basal extracellular levels of DA and its metabolites were also decreased. Evoked overflow had partially recovered by 1 month. By 6 months evoked overflow of DA appeared to be normal in the METH-treated rats. However, whole tissue levels of striatal DA were still significantly decreased. All parameters were back to control values by 12 months. These results suggest that presynaptic dopaminergic functioning can recover to normal levels in the striatum of METH-treated rats by 12 months after treatment.
Methamphetamine (M ETH), when given to animals in multiple smaller doses or a single large dose, can produce long-lasting changes in dopaminergic terminals in the striatum. These changes include decreases in dopamine (DA) content, DA release, DA uptake and tyrosine hydroxylase (TH) activity (Seiden and Ricaurte, 1987; Eisch et al., 1992; Gibb et al., 1994; C ass, 1997; Fukumura et al., 1998) . Several studies have also indicated the presence of nerve terminal degeneration and reactive gliosis in the striatum after M ETH treatment (L orez, 1981; Ricaurte et al., 1982; Bow yer et al., 1994; O'C allaghan and Miller, 1994; Pu and Vorhees, 1995) , suggesting that degeneration of DA terminals is involved with the neurotoxic effects of M ETH. The time course for M ETH-induced changes in striatal DA systems is relatively long-lasting. In rats, striatal DA levels have been reported to be decreased at 6 months (Bittner et al., 1981) and 237 d (Friedman et al., 1998) after treatment. Similarly, in monkeys there are reductions in striatal DA levels up to 6 months after METH treatment (Seiden et al., 1976; Finnegan et al., 1982; Ando et al., 1985) . One study reported a substantial depletion of striatal DA content in monkeys 4 years after treatment (Woolverton et al., 1989) . Thus, M ETH-induced changes in striatal DA levels in animals appear to be long-lasting and in some cases may be permanent.
Recent reports have also indicated that M ETH may have neurotoxic effects in humans. Postmortem levels of DA, TH, and the DA transporter are decreased in striatum from chronic METH users (Wilson et al., 1996) . However, in the same study, levels of DOPA decarboxylase and the vesicular monoamine transporter were not significantly decreased. This could indicate that the reductions in striatal dopaminergic markers in the METH users were caused by METH-induced downregulation and not terminal degeneration. However, in a more recent report, the density of DA transporters, as measured by positron emission tomography in living subjects, was reduced in abstinent METH abusers (McCann et al., 1998) , suggesting a long-term loss of DA transporters or terminals. The possibility that there may be longterm or permanent changes in central DA systems in humans that abuse METH may impact whether these individuals later develop other neurological or neuropsychiatric disorders, such as Parkinson's disease, that involve central dopaminergic systems.
The purpose of the present study was to determine whether DA release and uptake in the striatum of METH-treated rats would spontaneously recover over an extended period of time. In vivo electrochemistry in anesthetized rats was used to measure potassium-evoked overflow of DA and clearance of DA in the striatum of rats at 1 week, and 1, 6, and 12 months after METH. In vivo microdialysis in awake rats was used to evaluate basal levels and potassium-and amphetamine-evoked overflow of DA and its primary metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), at the same time points. Tissue levels of DA in the striatum were determined at the conclusion of each experiment to further evaluate the extent of dopaminergic recovery.
MATERIALS AND METHODS
Animals. Male Fischer-344 rats (Harlan Sprague Dawley, Indianapolis, I N) weighing 230 -265 gm at the start of the study were used for these experiments. They were housed in groups of two under a 12 hr light /dark cycle with food and water available ad libitum. All animal use procedures were in strict accordance with the National Institutes of Health Guide for the Care and Use of Laborator y Animals and were approved by the Animal C are and Use Committee at the University of Kentucky.
Methamphetamine treatment. Rats were injected subcutaneously with 5 mg / kg M ETH-HC l (Sigma, St. L ouis, MO) in saline (1 ml / kg), or saline alone (1 ml / kg), four times in 1 day at 2 hr intervals. The first injection of the series was given between 8:00 and 9:00 A.M., and the temperature of the room was 23-24°C.
In vivo electrochemistr y. One week, 1 month (28 -32 d), 6 months (25-27 weeks), or 12 months (50 -54 weeks) after the M ETH treatment the animals were anesthetized with urethane (1.25-1.5 gm / kg, i.p.), placed into a stereotaxic frame, and prepared for in vivo electrochemical recordings as previously described (C ass, 1996, 1997) .
Nafion-coated single carbon fiber electrodes were constructed, calibrated in vitro, and attached to single-barrel micropipettes (C ass, 1996, 1997) . The micropipettes had tip diameters of 10 -20 m, and their tips were 270 -310 m from the tips of the electrodes. The micropipettes were filled with a solution containing 70 mM KC l, 79 mM NaC l, and 2.5 mM CaCl 2 , pH 7.4, or 200 M DA in 0.9% NaC l with 100 M ascorbic acid added as an antioxidant, pH 7.4.
Chronocoulometric electrochemical measurements were continuously made at 5 Hz and averaged to 1 Hz using an IV EC -10 system (Medical Systems Corporation, Greenvale, N Y). The applied oxidation potential was ϩ0.55 V (vs Ag /AgC l reference electrodes) for 100 msec, and the resting potential was 0.0 V for 100 msec. The oxidation and reduction currents were digitally integrated during the last 80 msec of each 100 msec pulse. Electrode assemblies were initially positioned in the dorsal striatum (1.2-1.5 mm anterior to bregma, 2.2-2.3 mm lateral from midline, and 3.5 mm below the surface of the brain). For the potassiumevoked release studies, the baseline electrochemical signal was allowed to stabilize (5-10 min), and then 100 -125 nl of potassium solution (70 mM K ϩ ) was applied by pressure ejection (Picospritzer II; General Valve, Fairfield, NJ) during the recordings to evoke the release of DA (Fig. 1 A) . The volume of fluid injected was determined by monitoring the amount of fluid displaced from the micropipette using a dissection microscope fitted with a reticule eyepiece. After the signal had returned to baseline, the electrode/micropipette assembly was lowered by 0.5 mm. The new baseline was allowed to stabilize and then 100 -125 nl of potassium solution was applied again. The potassium applications were repeated at 0.5 mm steps in order to map the striatum and nucleus accumbens (Fig.  1 B) . A single recording pass was made in one hemisphere of each animal. The side of the pass was alternated between animals in each group.
Four animals in each group were used to examine the clearance of exogenously applied DA. These experiments were carried out as above with the exception that the micropipette contained a solution of 200 M DA Gerhardt, 1994, 1995) , and the recording pass was 0.5 mm anterior to bregma and 3.0 mm lateral from midline. The depth of the recordings was 3.5-6.0 mm below the surface of the brain. The amount of DA solution applied at each site was adjusted to achieve a signal of 1-5 M in amplitude.
In vivo microdial ysis. Four or five days (animals in the 1 week group), or 7 d (animals in the 1 month, 6 month, and 12 month groups) before their scheduled microdialysis experiments the rats were anesthetized with sodium pentobarbital (50 mg / kg, i.p.) and positioned in a stereotaxic frame. All surgery was performed using sterile instruments and aseptic conditions. The skull was exposed, and a small hole was drilled in the skull over the right striatum. A guide cannula was lowered into the brain so that its tip was positioned 1.2 mm anterior to bregma, 2.5 mm right from midline, and 3.5 mm below the surface of the cortex. The cannula was secured to the skull with anchoring screws and dental acrylic. The incision was closed with sutures and Vetbond tissue adhesive (3M, St. Paul, M N), and the animals were placed in round microdialysis bowls and allowed to recover. One to two days before the dialysis experiments the rats were tethered to the microdialysis system (BeeKeeper system; BAS Inc., West Lafayette, I N), without dialysis probes in place, for 4 -8 hr to help them acclimate to the system.
On the morning of the dialysis experiments the animals were connected to the dialysis system, and probes were inserted into the guides (C M A 12 probes, 3 mm long dialysis membrane; CMA/Microdialysis, Acton, M A). The probes were perf used with artificial C SF, pH 7.4, containing (in mM): 145 NaC l, 2.7 KC l, 1.2 C aC l 2 , 1.0 MgC l 2 , 0.2 ascorbic acid, and 2.0 NaH 2 PO 4 (Moghaddam and Bunney, 1989) . Flow rate was 1.2 l /min, and fractions of dialysate were collected at 20 min intervals. After a 3 hr equilibration period and the collection of three baseline fractions, the overflow of DA was stimulated locally. First the perf usate solution was switched to a 100 mM K ϩ solution (in mM: 47.7 NaC l, 100 KC l, 1.2 C aC l 2 , 1.0 MgC l 2 , 0.2 ascorbic acid, and 2.0 NaH 2 PO 4 , pH 7.4) for a single 20 min fraction and then switched back to the original perf usate for five additional fractions. Then D-amphetamine (100 M) was included in the perf usate for one 20 min fraction followed by five final fractions with normal artificial C SF. Dialysate samples were analyzed immediately for DA, DOPAC, and H VA by HPLC (C ass, 1997) or frozen on dry ice, stored at Ϫ80°C, and analyzed within 1 week.
T issue collection and HPLC anal ysis. At the end of the experiments, the animals were killed by decapitation while still anesthetized with urethane (in vivo electrochemistry experiments) or after anesthetizing with C O 2 (in vivo microdialysis experiments). The brains were rapidly removed and chilled in ice-cold saline. A coronal slice of brain ϳ2-mmthick at the level of the electrode or dialysis probe track was made with the aid of a chilled brain mold (Rodent Brain Matrix; ASI Instruments, Warren, M I). The location of each recording electrode or dialysis probe Figure 1 . A, Potassium-evoked overflow of DA in the striatum of a control rat. Potassium (125 nl, 70 mM K ϩ ) was applied at the arrowhead at time 0. The solid line shows the oxidation current response (Ox.), and the dashed line is the corresponding reduction current response (Red.). The reduction /oxidation current ratio (0.69) indicates that the predominate electroactive species detected was DA. The T 20 and T 60 time points used for calculating clearance rate are indicated on the oxidation curve. B, I llustration of the location of the recording sites for the in vivo electrochemical recordings and the positioning of the microdialysis probe for the dialysis experiments. For the electrochemistry studies, data were collected at 0.5 mm steps throughout the dorsoventral extent of the striatum and nucleus accumbens (NAc) on one side of the brain (3.5-7.5 mm below the surface of the cortex). In vivo electrochemistry and in vivo microdialysis were performed on separate groups of rats. This diagram represents a coronal section of the forebrain ϳ1.2 mm anterior to bregma.
was confirmed by noting blood left in the track or by later sectioning on a cryostat if the track was not easily visible. The striatum was dissected from that half of the brain contralateral to the electrode or dialysis probe track. The tissue was placed into a preweighed vial, weighed, and frozen on dry ice. Samples were stored at Ϫ80°C until assayed by HPLC with electrochemical detection as previously described (C ass, 1996, 1997) . Retention times of standards were used to identif y peaks, and peak heights were used to calculate recovery of internal standard (dihydroxybenzylamine) and amount of DA and metabolites. Results were expressed as micrograms per gram wet weight of tissue.
Data anal ysis. The electrodes used in this study, although relatively insensitive to ascorbic acid because of the Nafion coating (Gerhardt et al., 1984) , can still detect serotonin (5-HT) if the levels are high enough. In order to confirm that the responses detected were caused primarily by DA, both the reduction and oxidation currents were recorded, and the ratio of the reduction current to oxidation current was calculated for each K ϩ -induced response. The electrodes used in this study exhibit reduction /oxidation current ratios of 0.4 or greater for DA, ratios of 0.1-0.2 for 5-HT, and ratios of 0.0 for ascorbic acid (L uthman et al., 1993; C ass, 1997) . All of the responses included in the results had reduction /oxidation ratios of at least 0.4, indicating that DA was the predominant compound detected by the electrodes after potassium application. For statistical analysis of the electrochemistry data two parameters were analyzed: (1) the maximum amplitude of the signals resulting from the local application of potassium or DA; and (2) the clearance rate of the signals (the slope of the linear, declining portion of the signal between the T 20 and T 60 time points shown on Fig. 1 A; the T 20 and T 60 points represent the time points at which the signal has declined by 20 and 60% of the maximum amplitude). The clearance rate is an estimate of the maximal slope of the declining phase of the signal and is related to the f unctioning of DA transporters in the region of the recording electrode (Wightman and Z immerman, 1990; C ass et al., 1993; Suaud-Chagny et al., 1995; Garris et al., 1997) . Dialysis data were expressed as concentration of DA in the dialysate. Basal levels were defined as the average value in the three fractions preceding stimulation by excess potassium. All probes were calibrated in vitro before use to determine acceptable probes (recovery of DA at least 15%). However, values were not corrected for in vitro recoveries because uncorrected values may be better correlated to true values (Glick et al., 1994) . Electrochemical data, microdialysis data, and tissue monoamine concentrations were analyzed using two-way or three-way ANOVA followed by Newman -Keuls post hoc comparisons as indicated in the results.
RESULTS

In vivo electrochemistry
Locally applied potassium produced signals with reduction/oxidation current ratios characteristic for DA at all recording sites in the striatum and nucleus accumbens of both the saline-and METH-treated animals. A representative response from the striatum of a saline-treated control animal is shown in Figure 1 A. Recordings at a depth of 3.5-6.0 mm below the surface of the brain are contained within the striatum, whereas recordings at a depth of 6.5 mm are approximately at the junction of the striatum and nucleus accumbens (Fig. 1 B) . Recordings at depths of 7.0 and 7.5 mm are within the nucleus accumbens.
Signal amplitudes from the saline and METH groups at the four time points are shown in Figure 2 . The data were analyzed using a three-way ANOVA with treatment and time after treatment as between factors, and depth of recording as a within factor. Significant main effects were found for treatment ( p Ͻ 0.001) and depth ( p Ͻ 0.001). Significant interactions were found for treatment ϫ time ( p Ͻ 0.01), treatment ϫ depth ( p Ͻ 0.01), and treatment ϫ time ϫ depth ( p Ͻ 0.05). The METH groups at 1 week and 1 month were different from their saline controls, and the METH group at 1 week was different from the METH groups at 6 and 12 months ( p Ͻ 0.05; Newman-Keuls post hoc comparisons). At 1 week after the treatment there were significant decreases in potassium-evoked overflow of DA in the dorsal striatum, but not nucleus accumbens, as described previously (Cass, 1996 (Cass, , 1997 . The lack of METH-induced changes in evoked overflow of DA in the nucleus accumbens reflects the lower vulnerability of the nucleus accumbens to the DA-depleting effects of METH (Cass, 1997) . By 1 month after treatment there was a tendency for signal amplitude to be higher in the METHtreated animals than amplitudes at 1 week, but the amplitudes were still significantly attenuated in the dorsal striatum compared to the saline controls. At 6 months there were no significant Figure 2 . Summary of potassiumevoked DA signal amplitude throughout the striatum and nucleus accumbens of animals treated with saline or METH. E xperiments were performed at 1 week, 1 month, 6 months, or 12 months after treatment with saline or METH, as indicated in the figure. The data shown are mean Ϯ SEM values for eight animals per group. *p Ͻ 0.05 versus saline group at same depth (three-way repeated measures ANOVA followed by Newman -Keuls post hoc comparisons). differences in signal amplitude between the saline and METH groups; however, there was a trend for lower amplitudes in the dorsal striatum of the M ETH-treated rats. By 12 months after treatment there were no differences between the saline-and METH-treated animals.
The patterns of changes in clearance rate were similar to the changes seen in signal amplitude (Fig. 3) . A three-way repeated measures ANOVA indicated significant main effects for treatment ( p Ͻ 0.001) and depth ( p Ͻ 0.001), and significant interactions for treatment ϫ time ( p Ͻ 0.01), treatment ϫ depth ( p Ͻ 0.001), and treatment ϫ time ϫ depth ( p Ͻ 0.05). The METH groups at 1 week and 1 month were different from their saline controls, and the M ETH group at 1 week was different from the METH group at 12 months ( p Ͻ 0.05; Newman -Keuls post hoc comparisons). At 1 week and 1 month after treatment there were significant decreases in clearance rate in the dorsal striatum of the METH-treated animals compared to their controls (Fig. 3) . However, at 6 and 12 months after treatment there were no significant differences in clearance rate at any depth between the saline and METH groups of animals.
For the experiments examining the clearance of exogenous DA, the amount of DA applied was adjusted to achieve signals with approximately the same amplitude in both the saline-and METH-treated rats. Only striatal sites were examined (depths of 3.5-6.0 mm below the surface of the brain), and for each rat the responses were averaged to get an overall mean for each animal. The signal amplitudes were ϳ3.0 M for both the saline and METH groups at all four time points (Fig. 4) . C learance rates for these signals were decreased in the M ETH-treated animals by 57% in the 1 week group and 43% in the 1 month group. Clearance rates were not different between the saline-and METH-treated animals at either the 6 or 12 month time points.
In vivo microdialysis
The local application of potassium and amphetamine into the striatum through the dialysis probes produced substantial increases in the extracellular levels of DA in the saline-and METH-treated rats in all experimental groups (Fig. 5) . For statistical analyses of evoked overflow, the data were separated into potassium-evoked overflow (20 -120 min) and amphetamineevoked overflow (140 -240 min.) The data were then analyzed using three-way ANOVA with treatment and time after treatment as between factors, and minutes for collection of dialysis sample as a within factor. For the potassium-evoked overflow, significant main effects were found for treatment, time after treatment, and minutes (all p Ͻ 0.001). Significant interactions were found for treatment ϫ minutes ( p Ͻ 0.001), time after treatment ϫ minutes ( p Ͻ 0.001), and treatment ϫ time after treatment ϫ minutes ( p Ͻ 0.05). For the amphetamine-evoked overflow, significant main effects were found for treatment ( p Ͻ 0.001) and minutes ( p Ͻ 0.001). Significant interactions were found for treatment ϫ minutes ( p Ͻ 0.001), time after treatment ϫ minutes ( p Ͻ 0.05), and treatment ϫ time after treatment ϫ minutes ( p Ͻ 0.05). At both 1 week and 1 month after treatment, there were significant decreases in potassium-and amphetamine-evoked overflow of DA in the METH-treated animals compared to the saline-treated controls (Fig. 5) . In the animals treated 6 months earlier with METH, there was a trend for decreases in both potassium-and amphetamine-evoked overflow compared to the saline-treated controls. At 12 months after treatment, there was no difference in evoked overflow of DA between the saline and METH groups, similar to the in vivo electrochemistry results.
Basal levels of DA, DOPAC, and HVA from the dialysis experiments are shown in Figure 6 . In the METH-treated animals, basal extracellular levels of DA were decreased by 29% at 1 week after treatment but had recovered to control levels by 1 month. Basal DOPAC levels in the METH-treated rats were decreased by 48% at 1 week and 29% at 1 month compared to controls. Basal HVA levels were similarly decreased in the METH group by 42% at 1 week and 29% at 1 month. Basal levels of DOPAC and H VA at 6 and 12 months were not significantly different between the saline-and M ETH-treated animals.
Tissue DA levels
Postmortem levels of DA were not different between the animals used for the electrochemistry experiments and the microdialysis experiments, and the data were therefore grouped together. At 1 week after treatment, DA levels in the striatum were decreased by 54% in the M ETH-treated animals ( Table 1 ). The decrease was 48% at 1 month and there was still a significant decrease of 20% at 6 months after treatment in the M ETH group. However, by 12 months there was no difference in striatal DA levels between the saline-and M ETH-treated animals. Tissue levels of DOPAC and HVA were also back to control values by 12 months after treatment (data not shown).
DISCUSSION
The present study was designed to evaluate whether METHinduced reductions in striatal DA release and content in rats would spontaneously recover over an extended period of time. Basal extracellular levels of DA, DOPAC, and HVA, potassiumand amphetamine-evoked overflow of DA, clearance of extracellular DA, and tissue content of DA all had returned to control levels by 6 months to 1 year after the METH treatment. All of the present results therefore indicate, that in the animal model used, presynaptic DA terminal functioning can completely recover by 12 months after treatment. However, it should be kept in mind that extent of recovery may depend on several factors, including species, because there are indications that some of the effects of METH may be permanent in nonhuman primates (Woolverton et al., 1989) and humans (McCann et al., 1998) .
The changes found at 1 week after METH, decreases in basal levels of DA, DOPAC, and HVA, and reductions in potassiumand amphetamine-evoked overflow of DA, are similar to what we have reported previously for anesthetized and awake animals (Cass, 1997; Cass et al., 1998) . In contrast to basal levels of DOPAC and HVA, basal levels of DA had returned to control levels by 1 month after the METH. This is similar to what has been reported in rats with partial 6-hydroxydopamine lesions of nigrostriatal DA neurons. Robinson et al. (1994) found that in rats with unilateral 6-hydroxydopamine lesions that reduced striatal DA levels by ϳ52%, microdialysate levels of striatal DA were significantly reduced at 4 d after the lesion but back to control levels by 3-4 weeks after lesion. Basal levels of DOPAC and HVA were reduced at both 4 d and 3-4 weeks. These results are similar to the present results at 1 week and 1 month after METH. The increase in basal levels of extracellular DA from 1 week to 1 month is likely caused by presynaptic adaptations that occur after lesions of nigrostriatal DA neurons in an attempt to normalize extracellular DA levels (Zigmond et al., 1990; Robinson et al., 1994) . These adaptations could include factors such as an increase in the amount of DA released from remaining terminals as well as a decrease in the rate of removal of DA from the extracellular milieu caused by fewer DA transporters. Although basal levels of DA had recovered by 1 month after treatment, basal levels of DOPAC and HVA were still below control levels. In fact, recovery of basal extracellular levels of DOPAC and HVA followed more closely the recovery of tissue levels of DA, returning to control levels by 6 months after treatment when striatal DA levels had recovered to 80%. These results support the hypothesis that basal extracellular levels of DOPAC and HVA are not caused solely by degradation of DA that is released from terminals, but rather may reflect to a large extent the total amount of synthesis and metabolism of DA occurring in surrounding DA terminals (Zetterström et al., 1988; Kuczenski and Segal, 1989; Cumming et al., 1992) .
The recovery of potassium-and amphetamine-evoked overflow of DA also paralleled the recovery of tissue levels of DA. Thus, although basal extracellular levels of DA were back to normal by 1 month after METH, evoked overflow of DA did not recover until ϳ6 months after treatment. This suggests that by 1 month after METH, sufficient adaptations or recovery in releasable stores of DA have occurred to maintain normal basal release, but not stimulated release. The potassium and amphetamine stimulations we applied were likely close to maximal. Thus, the evoked overflow results may reflect the total amount of DA available in releasable pools. With lower stimulation intensities, evoked over- Figure 4 . Clearance of exogenous DA in the striatum of saline-and METH-treated animals at four time points after treatment. DA was applied by pressure ejection into the striatum (3.5-6.0 mm below the surface of the brain), and its clearance was monitored electrochemically. The amount of DA applied at each site was adjusted to achieve a signal of ϳ3 M in amplitude (top graph). The corresponding clearance rates for the resulting signals are shown in the bottom graph. The data from all sites in each animal were averaged together to get a single mean value per animal. The values shown are mean Ϯ SEM for four animals per group. *p Ͻ 0.05 versus saline group at same time (two-way ANOVA followed by Newman-Keuls post hoc comparisons).
flow of DA may be normalized at an earlier time point. In addition, both the potassium-and amphetamine-evoked overflow of DA recovered at approximately the same rate, suggesting that the recovery or normalization processes that occur do not favor either calcium-dependent (potassium-evoked overflow) or calcium-independent (amphetamine-evoked overflow) release mechanisms.
The decrease in the clearance rate of endogenous DA observed in the M ETH-treated animals could be caused by a loss of functional DA transporters in the striatum. Alternatively, because the activity of the DA transporter can be modulated by D2-like DA receptors (Meiergerd et al., 1993; Parsons et al., 1993; Cass and Gerhardt, 1994; Dickinson et al., 1999) , the decrease in clearance rate could be caused by M ETH-induced decreases in evoked overflow of DA. The higher extracellular DA concentrations achieved in the saline-treated animals after potassium stimulation may be increasing activity of the transporters in the striatum, whereas the converse may be occurring in the METHtreated animals. The experiments examining the clearance of exogenous DA were designed to examine this possibility. The amount of DA applied was adjusted to achieve signals of equal amplitude in the saline and M ETH-treated animals. If the decrease in clearance of endogenous DA was caused by a lower extracellular concentration of DA after the potassium application, then the clearance of exogenous DA should be similar in the saline and M ETH groups. However, there were still significant decreases in the clearance rate in the M ETH-treated animals at 1 week and 1 month after treatment. This suggests that the decrease in clearance rate is attributable, at least in part, to a loss of functional DA transporters after the M ETH treatment, and not just caused by D2-like receptor modulation of transporter activity.
Several others studies have examined the possibility of recovery of dopaminergic indices in animals treated with neurotoxic doses of METH or amphetamine. In rats, striatal DA levels recovered from an ϳ70% depletion 48 d after METH to a 20% depletion at 237 d after METH (Friedman et al., 1998) . In older rats, DA levels in the striatum increased from a loss of ϳ78% at 14 d to ϳ55% loss at 4 months after treatment with neurotoxic doses of amphetamine (Bowyer et al., 1998) . In vervet monkeys treated with neurotoxic doses of METH or amphetamine, there is a partial recovery of striatal DA content by 12 weeks after treatment (Melega et al., 1997b) , and a progressive improvement in fluoro-L-DOPA uptake that can return to pretreatment values by 24 months (Melega et al., 1997a) . Thus, like the present results, these studies indicate that striatal dopaminergic systems can substantially recover from the effects of METH or amphetamine over an extended period of time. On the other hand, rhesus monkeys treated with a more extensive METH treatment can still have a substantial depletion of striatal DA content and DA uptake 4 years after treatment (Woolverton et al., 1989) , and human METH abusers can have reductions in DA transporter density after 3 years of abstinence (McCann et al., 1998) . These later studies suggest that some of the effects of METH on DA terminals may be permanent. It is likely that possible species differences in vulnerability to METH neurotoxicity, and extent and severity of METH treatment will play a significant role in the degree of recovery possible after METH treatment.
Although the present results indicate recovery of presynaptic dopaminergic processes in the striatum of our METH-treated animals, they do not identify the mechanism for this recovery. One possibility is that remaining DA axons are sprouting and reinnervating the striatum. Another possibility is that DA synthesis and release in remaining DA terminals are upregulated in a compensatory manner similar to that reported after 6-hydroxydopamine lesions (Zigmond et al., 1990; Robinson et al., 1994) . Still a third possibility is that the changes observed in the METH-treated rats are the result of a transient downregulation of dopaminergic processes caused by the intense stimulation by METH. This latter explanation is unlikely to be the primary Figure 5 . Dialysate levels of DA from the striatum of awake rats treated 1 week, 1 month, 6 months, or 12 months earlier with saline or M ETH. E xcess potassium (100 mM) was included in the perfusate for 20 min starting at 0 min (horizontal bar above K ϩ ), and 100 M amphetamine was included in the perfusate for 20 min starting at 120 min (horizontal bar above Amphetamine). The values shown are mean Ϯ SEM from six or seven animals in each group. *p Ͻ 0.05 versus saline at same time point (three-way repeated measures ANOVA followed by Newman -Keuls post hoc comparisons). mechanism for several reasons. First, the time course for recovery, 6 months to 1 year, is substantially longer than would be expected if downregulation was entirely responsible. Second, silver degeneration staining and glial fibrillary acidic protein immunohistochemistry studies indicated the presence of degenerating axons and terminals, and reactive gliosis, in the striatum of separate groups of rats examined 2 d after saline or METH administration (our unpublished observations). This suggests that our M ETH treatments are producing degeneration of DA terminals in the striatum and not simply downregulating presynaptic dopaminergic processes. Third, 5-HT neurons appear to sprout and reinnervate forebrain target structures over an extended period of time in animals treated with neurotoxic doses of amphetamine derivatives (Axt et al., 1994) . Similar processes may occur with DA axons in the striatum of M ETH-treated animals.
Thus, the most likely explanation for the recovery reported in the present study is a combination of sprouting of remaining axons and upregulation of synthesis and release of DA in existing terminals. In addition, the possible induction of new TH-positive cells within the striatum of METH-treated animals, as demonstrated by Bowyer et al. (1998) in rats administered neurotoxic doses of amphetamine, could also play a role in the recovery. Further experiments will be necessary to positively identify the mechanisms responsible for this recovery. Figure 6. Basal levels of dialysate DA, DOPAC, and H VA from the striatum of awake rats treated 1 week, 1 month, 6 months, or 12 months earlier with saline or METH. The data shown are mean values Ϯ SEM from six or seven animals in each group. *p Յ 0.05 versus saline group at same time (two-way ANOVA followed by Newman -Keuls post hoc comparisons).
